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Summary.--An accurate determination of the instantaneous orientation
of the Explorer XI Satellite (y-ray telescope) was very
important for the analysis of the data from the main experi-
ment. Many precise observations of the solar transit obtained
by means of sun and earth aspect sensors were recorded by the
MIT Cosmic-Ray Group. On some days more than 60 observations
of the phase angle were recorded with an accuracy of 0.1 sec,
which corresponds to a few degrees’ accuracy in the orientation
of the satellite axis. In particular, this observational
material is useful for studying the short-periodic variation
of the angular velocity.

An analysis of the decay of the average daily angular
velocity in the 200-day period of observations will be given
first. This decay is most likely due to eddy-current and
magnetic hysteresis torques. However, a distinct correlation
between variations in these (estimated by computing the daily
average of HE) and the measured damping torgue is not completely
clear. Any such correlation would be modulated by changes in
the electrical and magnetic properties of the satellite components
caused by variations in temperature.

In the second part an analysis of the angular velocity
fluctuation with a period of one orbital revolution will be
made. The oscillation is explained by the variation of the
body's moment of inertia by thermal expansion and contraction
because of periodic changes in the satellite's temperature
caused by the passage of the satellite through the earth's
shadow.
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l. The satellite is an elongated body and is shown in figure 1. Fifteen
days after launch the motion about the center of mass became a rotational
motion around the axis of maximum moment of inertia (a transversal axis)
with a period slowly increasing from 12.34 sec to 15.85 sec in 180 days
(from the 20th to the 200th after launch).

The axis of rotation, which was almost fixed in the body, moved in
space with a slow precessional motion (a few degrees per day on the average )
(fig. 2). The precessional motion of the tumbling axis was caused by
the differential gravity torque and, mainly, by the torque experienced
by the earth's magnetic field on the equivalent magnetic dipole of the
satellite (Colombo, 1962; Naumann, 1961). This torque amounts to a few
hundred dyne-cme.

The decaying of the magnitude of the angular momentum, that is, the
decay of the tumbling angular velocity, is believed to be due mainly to
the damping torque (of the order of 1 dyne-cm in average) caused by the
eddy currents and by the magnetic hysteresis effect. The maximum daily
average of this damping torgue is less than 2 dyne-cm. The daily average
angular velocity and deceleration plotted against time (fig. 3) after
firing definitely shows a characteristic behavion which at the first
analysis was believed to be correlated only with the variation of the
square of the component Hl of the magnetic field H normal to the axis of

rotation (see Colombo, 1962). The correlation is not very clear in the
second period (120 to 200 days after launch).

In figure 3 we have plotted against time the average angular
velocity and the average angalar deceleration, the daily average value
of the square of the component Hl of the earth's magnetic field, the

measured temperature of the MIT package and of the battery, the daily
geomagnetic index, and the average fraction per day of the orbital period
(108 minutes) the satellite spent in sunlighte All these variables
affect in some manner the conductivity and the magnetic permeability of
the satellite as well as the earth's magnetic field, and consequently
affect the damping torque. It seems very difficult to derive a definite
quantitative conclusion on the behavior of the angular velocity decay,
mostly because this angular deceleration is an accumulation of different
effects. In the next sections an analysis will be macde of the variation
with time of the average daily torque.

2+ ILet us assume the equation of motion around the tumbling axis to be
of the type

T (1) = - (w+B) E® . ()

- -




Here I is the moment of inertia of the body about the tumbling axis, w

the instanteous angular velocity, ow ﬂLE the eddy-current torque, and BH_L2

the magnetic hysteresis torque.

We may write equation (1) in the following form:

dw 2 aT
Ig=-(ew+p) B° -wz - (2)

d
The term w a%- would take into account the possible changing of the

moment of inertia with time. The latter may be due to a) thermal
expansion b) displacement of masses inside the body, and c¢) second-
order effects of the main gravitational and magnetic torgues that caused
the precessional motion of the tumbling axis. A failrly good representa-
tion of the angular velocity variation with time for the period of
observation is given by

dw ' -5
3T = eXP [-7.3 X 10 t] (-20.7 + 16.2 cos T t) , (t =235) , (3)
where t is in days after launch day, %% in rev/aayg, and ¢ = %g-day~l

This acceleration may be considered as the sum of an exponential
decay term with a relaxation time of 137 days plus a damped oscillation
of the acceleration with the same relaxation time, and with an iInitial

d
amplitude of the same order of magnitude of the initial value of a% .
The period of the damped oscillation is almost equal to the period of the
precessional motion of the tumbling axis described in Colombo (1962).
This was the reason why we first thought of a correlation between the
variation of the orientation of the tumbling axis with respect to the

earth's magnetic fleld, which causes variation of the average value of

Hig, and the variation of the angular acceleration. We shall now examine

various mechanisms to see which might explain the periodic component of the

deceleration (3).

First suppose the term %%-in (2) to be negligible, which means
the term - (aw + B) H 2 1s responsible for the fluctuations of %% .

Since the amplitude of the periodic variation of ELE is not more than
-3m




10 per cent of the average value, if o and B are almost constant, we

may have to suppose that H 2 has to overcome a threshold value in

order to make the eddy-current and hysteresis torques effective for
damping the angular velocity. This threshold value could be related
to the actual existence of a fairly strong permanent magnetization of
the body. If the external field is not strong enough the eddy-current
torque could not occur. For these reasons the actual dependence of the

eddy-current torque on HLE, for a body with an intrinsic dipole and with

ferromagnetic parts, is perhaps far from being a directly proportional
dependence. This may be Just our case, since we know from the observed
precessional motion of the tumbling axis that the component along the

tumbling axis of the satellite's equivAlent dipole was of the order of

0.6 amp - m? . Experimentation is greatly needed on the eddy-current
and magnetic hysteresis torques in a magnetized conductoy. The para-
meter & is directly proportional to the conductivity ¢ of the components
of the payload and to the square of the permeability w; the parameter

B is also proportional to u2 . The conductivity o definitely increases

as the temperature decreases; the permeability j of a metal also changes

with the temperature, but the change varies strongly from metal to metal

and according to the range of temperature variation. For a very low field, such
as the earth's magnetic field, and for iron and some alloys, u increases

with increasi § temperature in the actual range of temperature variation

(-100° to +100°) (Denker, 1962; Metals Handbook, 1961).

In figure 3 we have plotted the measured temperatures of the MIT
package and of the Marshall package against time (Lumpkin, 1962). A
correlation between the measured temperature of the MIT package and the
deceleration in the first period of the observations can be seen. An
evaluation of the changing with time of the coefficients @ and B would
be very difficult for many reasons the most important one is that no
experimental observations are available of the changing with temperature
of the permeability for a very weak field. The correlation between temp-
erature and deceleration could lead to the conclusion that the decrease in
u with decreasing temperature is more important than the increase of ¢ with
the decreasing T, since the torque decreases as T decreases.

Combining the variation of HL2 along the path of the satellite and

the variation of o and W with time could explain the damping of the

torque, but any evaluation of © and o would be based on very poorly known
physical properties of the payloads components. The position of perigee
with respect to the sun can be very important if we consider the short
periodic temperature variations of the skin of the satellite as it passes
from sunlight to shadow.

e




. 2
Concerning the change in ?L (see fig. 3), we also plotted the

geomagnetic index for reasons of completeness since the fluctuations
of the earth's magnetic field with time are never greater than a few
per cent of the average value. On the other hand, we have observed a
few coincidences between sudden variations in the acceleration with
sudden viriations in the geomagnetic index (56, 63, 196 days after
firing).

dTl | . ;

We try now to evaluate w I in terms of the magnitude of the
corresponding torque. Since w is of the order of 0.5 rad/sec, %%-has
to be of the order of 1 gram-cmg/sec for o %% to be comparable with
the oscillating torgque. In 27 days the moment of inertia, I, should

have changed by 1.727 X 106 gram-cmg. This variation corresponds to
a l-cm displacement of 0.8 kg at a distance of 1 meter from the axis,
which seems very improbable. On the other hand, since the moment of

2
inertia of the satellite is 1.6 X 108 gram-cm , a variation of

1.728 x 10 gram—cm2 in 27 days corresponds to an expansion and con-
traction of 0.5 per cent; this means that the variation in the average
temperature would be many hundreds of degrees centigrade, which 1is not
very likely. In fact, we may assume from observations that the average
temperature of the main parts of the body will not vary more than 50°C
in 27 days.

Iet us call I(t) the average moment of inertia in a one-day period,
IT(t) a hypothetical oscillation component of I(t) which is responsible
for the periodic oscillation, mr(t), of w with a period of 55 days.

Hence we may write, neglecting second-order terms,

ar,, d 8

1 “Yr 1.6 x 10 2 -1
[ . X - -
3T T It 500 X 2m 16.2 X 21 cos O t gram-cm day ~ ,

and we find that

IT = =-3.6 X 106 sin o t gram—cm2

N

Variations in the geomagnetic index are known to be correlated with
variations in the atmospheric density. The normal atmospheric drag
torque, however, is so small as to be negligible in the damping process.

-5-



So IT has an amplitude of 2.2 per cent of the moment of inertia, which

correspond to a temperature range of 600° if we assume that the mean
thermal coefficient of expansion is 1.5 X 1072 o¢7L,

Finally, we shall rule out the possibility that the oscillating
term in the deceleration is a second-order effect of the torques
(gravitational and magnetic) producing the precessional motion of the
tumbling axis. Our main arguments are first, that this should have
exactly the same period as the precessional motion, and second, that
there is no evident reason why this oscillatory term has to decay in
amplitude. On the other hand, the displacement of the tumbling axis
per day is less than lOi which corresponds to an angular velocity of

less than 10—5 rad/sec. Since the angular velocity of the satellite is
of the order of 0.5 rad/sec, the direction of the actual axis of rota-
tion of the rigid body (obtained by the sum of the tumbling angular
velocity vector and the angular velocity of precession vector) does

not differ from the direction of the axis of tumbling by more than

2 X J.O_5 rad. This rules out the possibility that a residual of an
initial Poinsot precessional motion (which was damped out by the
nutation damper) can explain the change in angular velocity with the
change of the actual axis of rotation. For a Poinsot motion (constant
energy, constant angular momentum), if we call A, B, I the principal
moments of inertia (I > B >A), and p, q, r the components of the
angular velocity with respect to ihe principal axis of the body, we
will have

dr
I'd_.t—(A"B)pq )

and, since in the present case I =B >> A,

dr

—_—

ac - Pa

2 2 -10 -2 -1 -
Because p + q < 10 sec we have lqu < 0.7 x 10 0 sec 2, which

2

dr . . . .
means that a% is two orders of magnitude less than the observed oscillation
-2

dw -
of T which is more than 1.3 X 10 sec




3. We consider in this section the short period effect in the phase shift
detected from the many observations taken in the kL days, May 13, Aug. 17,
Oct. 1, Oct. 12. Figure L4 shows the difference AD = N, - N, between

the number of revolutions observed at any event time and the number of
revolutions computed for the same instant on the hypothesis that the
damping torque is constant during the day; the value of the average
torque (i.e., the value of the average deceleration) is obtained from the
least-squares method, using all the observations of the day. In figure 5
we have plotted A6 superimposing on the interval, corresponding to the
first orbital period, all the intervals corresponding to the following
orbital periods of the day. The maximum observed shift in any orbital
period of the phase varies from about -0.04 to about 0.04 revolutions.
An increase in A @ after the exit of the satellite from the earth's
shadow and a decrease near the end of the time the satellite spent in
sunlight is more or less well defined for each day; in any case it is
always evident. It is interesting to note here that Lockwood (1960)

has observed an acceleration in the spin rate of the Satellite Echo I
as it started to pass into the earth's shadow; this was certainly due

to the same thermal effects.

We will explain this phase-shift behavior as a consequence of the
thermal expansion and contraction of the satellite. Iet us call A 6T(%)
the variation of 6(t) due to the variation of the temperature T of the
satellite. Naturally, since in one day the portion of the orbit with
respect to the earth's shadow does not change, the function 6T(t) can be
considered as a periodic function, with the period equal to the orbital
period.

In figure 6 the measured temperatures of the Lth-stage motor case for
those days closest to the days of many observations are plotted, and in
figure 7 the temperatures of a sensor thermally isolated from the satellite
but exposed to the sun. (Snoddy, 1961; Lumpkin, 1962).

Since the expansion and contraction of the skin of the satellite
is most probably responsible for the change in the moment of inertia with
temperature, a fairly good approximation based on these measurements 1s
a temperature variation as plotted in figure 9. As we are working with
phase observations having an accuracy better than 0.008 rev (which corres-
ponds to an accuracy in time measurement of 0.1 sec), we think we are
justified in assuming that the temperature behavior plotted in figure 9
is a reasonable approximation of the temperatures observed on any day,
irrespective of the day. Hence T is assumed to decrease linearly from
?l to TO in the first third of the period, to increase linearly from

TO to Tl in the second third of the period, and finally to be constant for

the remaining part of the orbital period. In the same figure 9 a more
realistic behavior of the temperature variation is shown by a dotted line.



Iet us rewrite equation (2) in the form

Fr-eE (1)

where Tm is the damping magnetic torque. If we call ub the average

angular velocity for one day and neglect second-order terms, we may write

d/
I£=—(Dog:—i-+'rm_ (5)
Indeed,
1(5)= I, (1 - a(®) (6)
3

where a(t) is, as we shall see later, of the order of 10 , and w does not
change in one day more than 5 X 1073 ®y-  In equotion (5), I, is the maximum
moment of inertia, that is, the value of I at the maximum of the body's
temperature.

By dintegrating (5) ana neglecting small terms we have

t
W
, _ .9 ¥ "l
w(t) = T [x(e) - I1+ 7.4t (7)
0
where
P
T-=2 r (t) at (8)
P m ” ’
0
and
I
W, = w(O) 0 .
0 ¥ o1
0




The first term on the right-hand side of eq. (7) is the periodic part of
the angular velocity. We may now write the moment of inertia of the body
as

I(t) = am 4 (T()] (9)

where 4(T) = 45 [1 - 6 (ry - 1), fy=2.255m, m = 42.801 kg, and o is a

number very close to 0.07 (a little less than for a homogeneous cylinder
with the same length and the same mass). Let us call § the average thermal
expansion coefficient. Hence we may write

I(t) =am zg [1-2% (Tl -T)] . (10)

If we call W, the angular velocity variation due the temperature fluc-

tuation, we have

dGT

%:E%—=2w06{Tl-T-%-(Tl—TO)}=YJE(JG)) (11)

F)=(ny TO)EI?_%(TZL To) OstSBP"
f(t)=%(Tl-To)(%P-t)-%(Tl-TO), gsts%ﬁ;> (12)
F@8) =-3(m -1, Loysp .
By integration of (11) with the initial condition
6y (0) =0, (13)



We have
eT(t)=%(T1-To)t2-%t(Tl-To), Osts%-P] .
eT(t) =-%(T1-TO) (2—§-~t)2 -%ﬁt (T, - T,) +%P (T, - To)> %stsé{p (1h)
QT(t)=-%LP—(T1-TO)1:+;—((T1-TO), %EstSP ;|

and

6p () =75 ® (T, - To)

o () =32 (1, -1) , (25)

GT(O)=9T(P)=O . |

The behavior of the function G(T) is clearly represented in
figure 9. The maximum phase shift is

max min 8
op - Op —ﬁwOPS(Tl—TO) (16)
The maximum phase shift during the sunlight period is
B, = L
Aby = 57 Y9 P B (Tl - Ty) (17)

-10-




If we assume § = 1.4 X lO-5 0C—l, Wy = 6300 rev/day, Tl ~ Ty = 507,
P = 108.2 min = 0.075 day, we have
26 = 0.086 rev . (18)

T

The value chosen for 8§ is an average value of the thermal expansilon coeffi-
cients of the different metals used for the main parts of the satellite; for
instance, for the stainless steel of the Lth-stage motor case it is

1.3 X 1077 °C'l; for the magnesium which was used in the MIT package it is
2 x 1072 °¢™t.  Purthermore, if thermal gradients exist in the satellite, &

will also depend on the orientation of the tumble plane with respect to the
sun. We have also assumed an average value for w,, since w varies from 6700

to 5800 rev/day in the period of observations. Finally for the variations

.in temperature we based our assumptions on the temperature measurements of the

4th-stage motor case (see fig. 6) rather than on that of the isolated sensor,
since we assume that the variation of the moment of inertia i1s mostly related
to the expansion of the skin of the satellite, and since the alluminum disc

of the isolated sensor (fig. 7) had a solar absorptivity-to-infrared emissivity
ratio which caused the temperature of the disc to run higher.

Since the accuracy of the phase observations is better than 0.008 rev, a
displacement in phase of 0.086 rev, as given by (18), should be detectable.
In fact, as we saild above, this is what appears clearly in figures 4 and 5.
A tendency of gain in phase in the period just after exit from the earth's
shadow is present, and more evident is a tendency of loss in phase toward the
end of the sunlight period. A.comparative analysis of the results for different
days is quite difficult, since the effective temperature fluctuations for each
day are not very well known although the range is close to 50°. The only datum
we have is the time the satellite spent in sunlight (rig. 8) and, since this
varies slightly for each day, 1t could be correlated with the amplitude of
Tl - TO. In any event we do not think it is worthwhile to push further the

analysis, since the agreement between theory and observation seems to be
sufficiently good.

Short periodic variations in the drag torque, with a period of the order
of one day and of the order of one orbital revolution, can be present, but
simple estimates show they are not detectable because of poor statistics during
one period and because of the superposition of so many different effects when
comparing different days. The periodic term we have observed and explained
is a very important one. The corresponding periodic torque, that is, the
torque that can give the same effect, is easily computed.

We may write

21t
6 = 0.25 sin (gr5g) rad, where t is in seconds.

-11-
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Hence

2 -6
dw Lo x 10 2t
w0 T o o)

and the torque is

do

_ . 2t
T.=1I Frolie 39 sin (8H56) dyne-cm ,

which is much more important than the other damping torques. This

observation enables us to say definitely that the observed phase
shift 1s due to temperature variations.
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TEMPERATURE 'OF EXPLORER XI 4th STAGE MOTOR CASE
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ed to egress from earth's shadow (minutes)

referenc

Figure 6.--Temperature of the Lth-stage motor case for representative days near those days for which
phase=-angle variations were measured.
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NOTICE

This series of Special Reports was instituted under the
supervision of Dr. F. L. Whipple, Director of the Astrophysical
Observatory of the Smithsonian Institution, shortly after the
launching of the first artificial earth satellite on October ki,
1957. Contributions come from the Staff of the Observatory.
First lssued to ensure the immediate dissemination of data for
satellite tracking, the Reports have continued to provide a
rapld distribution of catalogues of satellite observations,
orbital informatlon, and preliminary results of data analyses
prior to formal publication in the appropriate Journals.

_Edited and produced under the supervision of Mr. E. N.
Hayea and Mrs. Berbara J. Mello, the reports are indexed by
the ;§clence and Technology Division of the Library of Congress,
and m :-eguhrly ‘distributed to all institutions participating
in the U. S. space research program and to individual scientists
who request them from the Administrative Officer, Technical
Information, Smithsonian Astrophysical Observatory, Cambridge,
Massachusetts 02138.




